Synaptojanin (synaptojanin 1) is a recently identified inositol 5-phosphatase, which is highly enriched in nerve terminals and is implicated in synaptic vesicle recycling. It is composed of three domains: an aminoterminal SacI homology region, a central inositol 5phosphatase homology region, and a carboxyl-terminal proline-rich region. We have now identified and characterized a novel form of synaptojanin, synaptojanin 2, which has a broader tissue distribution. Synaptojanin 2 cDNA from rat brain library encodes a protein of 1,248 amino acids with a predicted M r of 138,268. The two synaptojanin isoforms share 57.2 and 53.8% amino acid identity in their SacI and phosphatase domains, respectively. In marked contrast, their carboxyl-terminal proline-rich regions bear little homology. Expression of synaptojanin 2 in COS7 cells produced a 140-kDa protein with inositol 5-phosphatase actvity. Protein binding assays demonstrated that among the major src homology 3-proteins known to bind to the proline-rich region of synaptojanin 1, Grb2, amphiphysin, and members of SH3p4/8/13 protein family, only Grb2 bound to that of synaptojanin 2. Furthermore, subcellular fractionation studies in transfected Chinese hamster ovary cells revealed that synaptojanin 2 was predominantly associated with the particulate fraction while synaptojanin 1 was mainly localized in the soluble fraction. This observation suggests that the proline-rich regions of synaptojanins 1 and 2 are implicated in different protein-protein interactions and direct the two isoforms to different subcellular compartments.
Inositol metabolism is now considered to play essential roles in membrane trafficking processes within the cell, apart from its well established role in signal transduction (1) (2) (3) . Of particular importance, distinct phosphoinositides seem to be involved in specific vesicle transport steps, as demonstrated by critical requirement of several enzymes responsible for synthesis and metabolism of phosphoinositides in different membrane trafficking pathways (4) .
Synaptojanin is a recently identified inositol 5Ј-phosphatase enriched in nerve terminals (5) (6) (7) . It has a 3-domain structure in which the central inositol 5Ј-phosphatase domain is flanked by a proline-rich domain at the carboxyl-terminal side and by a domain homologous to the yeast protein SacI (8) at the aminoterminal side. Synaptojanin is concentrated in nerve terminals and localized in close proximity to clathrin-and dynamincoated endocytic intermediates (9) . Synaptojanin and dynamin 1 are the major interacting proteins for amphiphysin 1, another nerve terminal protein with a putative role in synaptic vesicle endocytosis (7, 10) . In addition, synaptojanin, dynamin 1, and amphiphysin 1 undergo parallel dephosphorylation upon nerve terminal depolarization (6, 11, 12) . More recently, SH3p4/8/13 proteins, a novel protein family with Grb2-related src homology 3 (SH3) 1 domains, were identified as interacting proteins for synaptojanin and dynamin 1 (13, 14) . These properties suggest that synaptojanin, together with dynamin 1, participates in synaptic vesicle recycling.
Clathrin-mediated synaptic vesicle recycling in neuronal cells is believed to be a specialized form of general receptormediated endocytosis (15) . It is anticipated that components of the machinery required for these endocytic pathways are related. To extend our understanding of the role of inositol metabolism in membrane trafficking pathways, we have searched for novel synaptojanin isoforms. We report here the structure and the properties of a synaptojanin isoform with more widespread tissue distribution and distinct protein interaction property. Henceforth, the previously identified synaptojanin is referred to as synaptojanin 1 and the novel isoform as synaptojanin 2.
EXPERIMENTAL PROCEDURES
Isolation of Rat Synaptojanin 2 cDNA-Several amino acid sequences related to the SacI homology domain or the inositol 5Ј-phosphatase domain of rat synaptojanin 1 (7) were obtained by BLAST searches against the gene data base and aligned by the PILEUP algorithm. These sequences included the Saccharomyces cerevisiae SacI protein (8), two putative S. cerevisiae synaptojanin homologues (Gen-Bank TM accession numbers P40559 and Z50161), human 43-kDa type I (16) and human 75-kDa type II (17) 5Ј-phosphatases, human OCRL protein (18) , and human 51C protein (19) . Two amino acid sequences, (G/A)NF(V/N)ETE and P(A/S)(W/Y)(T/C)DR(V/I), were chosen from the regions conserved among SacI-and inositol 5Ј-phosphatase-related proteins, respectively, to synthesize degenerate oligonucleotide primers for polymerase chain reaction (PCR); 5Ј-G(G/C)(G/A/T/C)AA(T/C)TT(T/ C)(G/A)(A/T)(G/A/T/C)GA(G/A)AC(G/A/T/C)GA-3Ј for sense primer and * This research was supported in part by the HFSP Program and by Grants CA48128 and NS36251 from the National Institutes of Health. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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5Ј-A(T/C)(G/A/T/C)C(GT)(G/A)TC(G/A/T/C)(G/C)(A/T)(G/A/C)(T/C)A-(G/A/T/C)(G/C)(A/T/C)(G/A/T/C)GG-3Ј
for antisense primer. PCR was performed using adult rat brain cDNA as template. The amplified product was ligated into pCRII vector (Invitrogen). Sequence analysis identified a clone with the insert encoding a novel synaptojanin-related protein. The DNA fragment was radiolabeled with [␣-32 P]dCTP (Amersham Life Science, Inc.) and used as a probe to screen rat brain ZAPII cDNA libraries following standard techniques (20) . The cDNA inserts covering the open reading frame were sequenced on both strands.
Generation of Isoform-specific Antibodies-An anti-synaptojanin 1 mouse monoclonal antibody (AC1) was raised against a GST fusion protein containing amino acids 1156 -1286 of synaptojanin 1. An antisynaptojanin 2 rabbit polyclonal antibody was generated against the 16-amino acid carboxyl-terminal peptide coupled to keyhole limpet hemocyanin following standard procedures (21) .
Epitope Tagging and Expression of Synaptojanins in COS7 Cells-The sequence encoding an 8-amino acid FLAG epitope, DYKDDDDK, was inserted next to the initiation codon of rat synaptojanin cDNAs by a PCR-mediated procedure. The FLAG-tagged cDNA was subcloned into the eukaryotic expression vector pcDNA3 (Invitrogen). COS7 cells (1.0 ϫ 10 6 cells/10-cm dish) were maintained in Dulbecco's modified Eagle's medium with 10% fetal calf serum and transfected with the empty vector or FLAG-tagged synaptojanin construct using Lipo-fectAMINE (Life Technologies, Inc.). After incubation for 24 h, the cells were lysed with 1 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 1 mM EGTA, 5 mM MgCl 2 , 1% Nonidet P-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 g/ml antipain, 10 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin). The lysate was incubated with 10 g of anti-FLAG antibody M5 (Eastman Kodak Co.) overnight at 4°C. Immune complexes were collected on protein G-Sepharose beads (Pharmacia Biotech Inc.), and inositol phosphatase activity was assayed using 3 H-labeled inositol phosphates (NEN Life Science Products) as described (7) .
Northern Blot analysis-A Northern blot filter with 2 g of poly(A) ϩ RNA from various adult rat tissues (CLONTECH) was probed for synaptojanins 1 and 2 under stringent conditions. DNA fragments used as probes correspond to nucleotides 3,185-4,066 of synaptojanin 1 and nucleotides 3,143-3,799 of synaptojanin 2, i.e. the regions encoding the proline-rich domain. Two probes, corresponding to the 5Ј-untranslated region and a part of coding sequence (nucleotide 1-340) and to the 3Ј-untranslated region (nucleotide 4, 489 -5033) of synaptojanin 2, were also used.
Bacterial Fusion Protein Production-DNA fragments encoding the proline-rich regions of synaptojanins (amino acids 1,015-1,317 of synaptojanin 1, and amino acids 1,030 -1,248 of synaptojanin 2) with maltose-binding protein (MBP) at the amino termini and six histidine residues at the carboxyl termini were generated by PCR and subcloning into pMalC2 vector (New England Biolabs). The dually tagged proteins were expressed in Escherichia coli BL21 and purified by two consecutive affinity chromatography on amylose resin (New England Biolabs) and Ni-nitriloacetic acid-agarose (Qiagen). The pGEX constructs for production of GST fusion proteins of entire Grb2 or the SH3 domains of amphiphysin 1, SH3p4, and SH3p13 have been described (5, 14, 22) .
Subcellular Fractionation-Chinese hamster ovary (CHO) cells (1.0 ϫ 10 5 cells/35-mm dish) were transfected with FLAG-tagged synaptojanin constructs using LipofectAMINE. The cells from a 35-mm dish were scraped into 300 l of a hypotonic buffer containing 20 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 0.5 mM EGTA, and protease inhibitors and lysed by sonication. After removal of undisrupted cells by brief centrifugation, the supernatant was further separated into soluble and particulate fractions by centrifuging at 60,000 rpm for 30 min in a Beckman TL-100 centrifuge. FLAG-tagged synaptojanin in each fraction was detected by immunoblotting using anti-FLAG M5 antibody.
Miscellaneous Procedures-SDS-PAGE and immunoblotting was performed as described (5) . Rat brain fractions were prepared as described (23) . Overlay assays and affinity chromatography with recombinant proteins were performed as described (5) . For affinity chromatography, 5 g of GST fusion protein prebound to glutathione-Sepharose beads was equilibrated in lysis buffer and incubated with lysates of COS7 cells transfected with FLAG-tagged synaptojanin constructs. Bound proteins were released by boiling in SDS sample buffer and detected by immunoblotting with anti-FLAG M5 antibody.
RESULTS
Primary Structure of a Novel Synaptojanin Isoform, Synaptojanin 2-The distinguishing structural feature of synaptojanin among inositol 5Ј-phosphatases is the presence of an amino-terminal SacI domain preceding the inositol 5Ј-phosphatase domain (7, 24) . We therefore designed degenerate primers to sequences conserved among SacI domains and inositol 5Ј-phosphatase domains to amplify synaptojanin-related cDNA fragments from adult rat brain mRNA by reverse transcriptase PCR. By sequence analysis, one of the PCR products was found to encode a portion of a novel synaptojanin-related protein, which we refer to as synaptojanin 2. The PCR fragment was used as probe to screen rat brain libraries to identify the synaptojanin 2 cDNA. Sequence analysis of the composite synaptojanin 2 cDNA revealed an open reading frame of 3,747 nucleotides encoding a protein of 1,248 amino acids with a predicted M r of 138,268, highly homologous to synaptojanin 1 (Fig. 1 ). The first ATG in the cDNA sequence is likely to represent the initiatior codon for rat synaptojanin 2, as the surrounding sequence conforms well to the functional eukaryotic initiation consensus (25) , and it aligns with the initiator codon of synaptojanin 1.
The deduced synaptojanin 2 amino acid sequence has the same 3 domain structure as synaptojanin 1: an amino-terminal SacI homology region, a central inositol 5Ј-phosphatase homology region, and a carboxyl-terminal proline-rich region. Hydropathy analysis indicates the absence of a transmembrane domain in both synaptojanin isoforms. The amino-terminal portions of two synaptojanin isoforms are very similar, with 57.2% and 53.8% identity in their SacI and phosphatase domains, respectively. By contrast, the carboxyl-terminal prolinerich regions differ markedly in length and amino acid sequence.
Synaptojanin 2 cDNA Encodes a 140-kDa Inositol Polyphosphate 5Ј-Phosphatase-We expressed FLAG epitope-tagged synaptojanin 2 in COS7 cells to test its enzymatic activity. As shown in Fig. 2A , FLAG-tagged synaptojanin 2 cDNA induces the expression of a 140-kDa protein, which migrates slightly faster than FLAG-tagged synaptojanin 1, in good agreement with the predicted M r of synaptojanin 2. The 140-kDa protein was specifically recognized by an antibody raised against the the carboxyl terminus of synaptojanin 2 but not by an antisynaptojanin 1 antibody, as expected from the divergence of their proline-rich regions used as antigens.
Recombinant synaptojanin 2 immunoprecipitated from COS7 cells dephosphorylated inositol 1,4,5-trisphosphate and inositol 1,3,4,5-tetrakisphosphate to generate inositol 1,4bisphosphate and inositol 1,3,4-trisphosphate, respectively (Fig. 2B) . Neither inositol 1,4-bisphosphate nor inositol 1,3,4trisphosphate were hydrolyzed (data not shown). These results indicate that synaptojanin 2 has an inositol 5Ј-phosphatase activity, as does synaptojanin 1.
Tissue Distribution of Synaptojanin 2-The tissue distributions of synaptojanins 1 and 2 were determined by Northern blot analysis. Fig. 3 shows the results obtained with probes derived from their most divergent carboxyl-terminal prolinerich regions. In agreement with previous studies (6, 26), a single 7.5-kb transcript was detected by the synaptojanin 1 probe, which is expressed predominantly in rat brain but also in all other tissues at much lower levels.
By contrast, the synaptojanin 2 probe detected multiple transcripts in various tissues. The same blot was hybridized with other probes derived from the 5Ј-and 3Ј-noncoding regions of the synaptojanin 2 cDNA. The 5Ј-probe hybridized to all the transcripts while the 3Ј-probe hybridized to the 7.5-, 7.2-, 6.0-, and 5.2-kb transcripts but not to a testis-specific 3.5-kb transcript (data not shown). Taken together with the high strin- gency condition used, we concluded that the observed bands represent multiple synaptojanin 2 transcripts, probably generated by alternative splicing.
SH3 Domain Binding Properties and Subcellular Localization-Proline-rich peptides are implicated in protein-protein interaction with several specific motifs such as SH3 domains and WW domains (27, 28) . Earlier studies have identified the SH3 domains of Grb2, amphiphysins 1 and 2, and SH3p4/8/13 proteins as interacting partners for the proline-rich region of synaptojanin 1 (5, 10, 13, 14, 29) .
To compare the SH3 domain binding properties of synaptojanins 1 and 2, we first overlaid bacterially expressed prolinerich portions of the two synaptojanins with GST-Grb2 and GST-fusion proteins of other SH3 domains. Consistent with earlier reports (6, 7, 13, 14) , the proline-rich region of synaptojanin 1 binds to Grb2, as well as to SH3 domains of amphiphysin, SH3p4p, and SH3p13p. In contrast, the proline-rich region of synaptojanin 2 binds only to GST-Grb2 and not detectably to the GST fusions of the other SH3 domains (Fig. 4A) . To examine whether full-length synaptojanin 2 would specifically associate with Grb2, we then conducted affinity chromatography onto the GST-fusion proteins using FLAG-tagged synaptojanins expressed in COS7 cells. Again, synaptojanin 2 binds only to GST-Grb2 in the assay (Fig. 4B) . The absence of the interaction between the proline-rich region of synaptojanin 2 and the SH3 domain of amphiphysin 1, amphiphysin 2, SH3p4, SH3p8, or SH3p13 was further corroborated by yeast 2-hybrid assays (data not shown; Ref. 14) . These results indicate that the protein binding properties of the proline-rich regions of synaptojanin isoforms are quite different, and that, despite the close structural similarity among the SH3 domains of Grb2 and SH3p4/8/13 proteins (14), only Grb2 specifically associates with the proline-rich region of synaptojanin 2 in vitro.
The proline-rich regions in several proteins are known to mediate their subcellular localizations (27) . We therefore examined the subcellular distribution of epitope-tagged synaptojanin isoforms in the transfected cells. As shown in Fig. 5 , synaptojanin 1 was mainly located in the cytosolic fraction, and a small portion was present in the particulate fraction, in agreement with previous results on the subcellular distribution of native synaptojanin 1 (145-kDa form) in rat tissues (6, 26) . By contrast, recombinant synaptojanin 2 was recovered predominantly in the particulate fraction. DISCUSSION Since the initial description of inositol 1,4,5-trisphosphate 5Ј-phosphatase activity in human erythrocytes (30) , the enzyme activity was detected in various tissues, and several enzymes were purified and characterized (reviewed in Ref. 31 ). The multiplicity of this group of enzymes has been expanded by the recent identification of several inositol 5Ј-phosphatases with molecular cloning techniques (24) . Of the mammalian inositol 5Ј-phosphatases identified so far, only synaptojanins 1 and 2 have the same unique domain structure.
Among the purified enzymes whose identity has not been established, a 160-kDa inositol 5Ј-phosphatase in rat brain (32) and a 155-kDa phosphatidylinositol 4,5-bisphosphate 5Ј-phosphatase in bovine brain (33) have molecular masses close to that of synaptojanin 2. However, they were isolated from cytosolic fraction. Their subcellular localization is not consistent with the particulate localization of synaptojanin 2, which is suggested by the analysis on recombinant synaptojanin 2 expressed in cultured cells. To our knowledge, so far there has been no report of a membrane-associated 140-kDa inositol 5Јphosphatase. In many tissues such as erythrocytes, liver, pancreas, macrophages, and brain, the major inositol 5Ј-phosphatase activity resides in the particulate fraction (Ref. 31 and references therein). These particulate activities have not been thoroughly characterized, and their relationship to synaptojanin 2 remains to be defined.
Two well characterized inositol 5Ј-phosphatases, the 43-kDa type I 5Ј-phosphatase and the 75-kDa type II 5Ј-phosphatase, which are present both in cytosolic and membrane fractions in various tissues (34, 35) , have consensus motifs for isoprenylation at the carboxyl termini. The modification is shown to be FIG. 4 . Differential binding of synaptojanin isoforms to SH3 domains. A, overlay assay on recombinant proline-rich domains. Rat brain P2 fraction (crude synaptosome) (lanes 1), MBP-fusion proteins of the proline-rich regions of synaptojanin 1 (lanes 2), synaptojanin 2 (lanes 3) , or an irrelevant protein (lanes 4) were subjected to SDS-PAGE and transferred to nitrocellulose membranes. The membranes were probed with GST-fusion proteins or GST alone as indicated. Bound proteins were detected by anti-GST antibody. Arrows indicate the positions of synaptojanin 1 and dynamin 1 present in rat brain P2 fraction. The weak bands around 80 kDa in the SH3p4 and SH3p13 overlays of P2 fraction represent synapsin I. Note that the SH3p8 and SH3p13 proteins react relatively more intensely with synaptojanin 1 than with dynamin as previously reported (14) . B, affinity purification of synaptojanin isoforms. Lysates of COS7 cells transiently expressing FLAG-tagged synaptojanin isoforms were incubated with GST-fusion proteins or GST immobilized on glutathione-Sepharose beads. Bound FLAG-tagged synaptojanin was detected by SDS-PAGE and immunoblotting using anti-FLAG antibody.
FIG. 5. Subcellular fractionation of CHO cells expressing synaptojanin isoforms.
CHO cells transfected with FLAG-tagged synaptojanin cDNAs were hypotonically lysed, and the total lysate (T) was separated into the soluble (S) and particulate (P) fractions. The comparable amounts of each fraction were subjected to SDS-PAGE. FLAGtagged synaptojanin was detected by immunoblotting using anti-FLAG antibody.
responsible for their membrane attachment (36, 37) . Conceivably, membrane association of inositol 5Ј-phosphatases would place the enzymes in proximity to membrane inositol phospholipids, thereby making them more accessible to membrane inositol phospholipids than to soluble inositol phosphates. Indeed, Jefferson and Majerus reported that the non-isoprenylated carboxyl-terminal cysteine mutant of 75-kDa type II 5Ј-phosphatase was relatively less active than the wild-type enzyme toward phosphatidyl 4,5-bisphosphate (37) . As the predicted amino acid sequence for synaptojanin 2 does not end with an isoprenylation consensus motif, the membrane association of synaptojanin 2 must be regulated through a different mechanism, possibly by protein-protein interaction at the proline-rich region.
The high degree of homology in the amino-terminal SacI and central inositol 5Ј-phosphatase domains of synaptojanin isoforms suggests that these domains perform a common biochemical function and that their divergent carboxyl-terminal proline-rich regions play an important role in specifying the physiological function. This scenario is reminiscent of what has been found for mammalian isoforms of dynamin, a GTPase critically required for endocytosis (38) . However, the protein binding properties of the proline-rich regions of synaptojanins 1 and 2 are strikingly different, whereas dynamin isoforms exhibit very similar SH3-protein binding patterns (39) . This implys that synaptojanin isoforms interact with a unique combination of partner proteins, are recruited to different subcellular destinations, and selectively act on specific pools of inositol metabolites. The recent completion of yeast genome sequencing has revealed that S. cerevisiae has four inositol 5Ј-phosphatase-related genes and that three of the gene products have the same three-domain architecture as synaptojanin (40, 41) . This underscores the fundamental importance of synaptojanin-related enzymes in cell physiology. We therefore speculate that mammalian synaptojanin family members participate in the regulation of diverse cellular processes. Future studies on the synaptojanin family may lead to the elucidation of novel aspects of inositol metabolism in membrane dynamics and signal transduction pathways (3, 4) .
